About 10% of a plant's genome is devoted to generating the protein machinery to synthesize, remodel, and deconstruct the cell wall. High-throughput genome sequencing technologies have enabled a reasonably complete inventory of wall-related genes that can be assembled into families of common evolutionary origin. Assigning function to each gene family member has been aided immensely by identification of mutants with visible phenotypes or by chemical and spectroscopic analysis of mutants with 'invisible' phenotypes of modified cell wall composition and architecture that do not otherwise affect plant growth or development. This review connects the inference of gene function on the basis of deviation from the wild type in genetic functional analyses to insights provided by modern analytical techniques that have brought us ever closer to elucidating the sequence structures of the major polysaccharide components of the plant cell wall.
Introduction
Cell walls are the principal source of plant biomass. With a scaffold of para-crystalline arrays of cellulose microfibrils, the wall matrix comprises several backbone polysaccharides that are decorated with many types of sugars, sugar acids, esters, and aromatics that impart hugely diverse biochemical and biophysical properties needed for cell division, elongation, and differentiation. Plant cell walls provide us with many useful products, from fibres for textiles, to paper, to construction materials for housing and fine furniture. They are the determinants of fruit and vegetable texture, and some of their polysaccharide constituents form dietary fibres that enhance human health. In recent decades, lignocellulosic biomass has been recognized as a major raw material for the production of biofuels and bioproducts. Learning how plants make cell walls is the foundational step in designing an optimal biomass optimized for yield, deconstruction, and conversion into useful molecules.
Plants have several thousand genes that encode the protein machinery for synthesis, assembly, and deconstruction of the cell wall (Yong et al., 2005) . Before complete inventories of genes became available by use of high-throughput genome sequencing technologies, the identification of genes encoding cell wall-related proteins was predominantly by forward genetics approaches. High-throughput screens designed to identify defects in cell wall polysaccharides or monosaccharide distribution in mutagenized populations identified key wall-related genes that became founding members of multigene families. With the advent of high-throughput sequencing, gene families representing nucleotide-sugar conversion, glycosyl transfer, and hydrolases were inferred by comparative genomics with bacterial systems (Henrissat et al., 2001) . The availability of insertional mutant collections enabled systematic characterization of entire gene families by reverse genetic approaches. Nevertheless, there is a lot of progress yet to be made. Of the 96 families of glycosyl transferases and 133 families of glycosyl hydrolases categorized thus far, 45 and 35 families, respectively, are represented in plants (http://www.cazy.org). Beyond establishing sequence homologies among bacteria, fungi, and plants, what remains is the slow work of determining the biochemical and/or cell biological function for each member of a gene family, as well as to determine domain function, such as membrane interactions and protein-protein interactions for the components of large synthase complexes.
In parallel, we have learned much about the fine structure of plant cell wall polysaccharides and the enormous structural diversity possible among plant species. These studies have expanded the complete list of wall-related genes to be discovered by allowing inference of the necessary transferase activities. Analytical methods have been developed to characterize not only monosaccharide composition and linkage structure, but also sequence analysis of the oligomeric repeating unit structures of polysaccharides and their dynamics during assembly and deconstruction. This powerful toolkit has been extended to characterization of mutants, which, because of the plasticity of wall structure, often do not reveal obvious visible phenotypes but might have modified wall chemistries. Several excellent reviews illustrate how forward and reverse genetics approaches have defined the genes of the monolignol synthesis pathway (Bonawitz and Chapple, 2010; Vanholme et al., 2010) . In this review, we focus primarily on key aspects of cell wall gene identification and characterization related to the synthesis of polysaccharides. We review the capabilities for high-throughput screening of cell wall traits that define classes of mutants and natural genetic variants, and the use of advanced analytical tools to characterize fully enzymatic activities that sometimes impart subtle and cryptic variations in polysaccharide structure.
Some developmental and growth mutants with visible phenotypes have defective wall-related genes
The first plant cellulose synthase (CesA) was cloned from a random library of cDNAs generated from cotton fibre transcripts expressed during secondary wall synthesis (Pear et al., 1996) . Proof that the CesA gene truly encoded a cellulose synthase (Arioli et al., 2001) came serendipitously from a screen of a collection of Arabidopsis temperature-sensitive root-tip swelling (rsw) mutant phenotypes originally designed to uncover defects in the cell cytoskeleton ( Fig. 1 ; Baskin et al., 1992) . In fact, the first three rsw mutants had defects in cell wall-related genes. In addition to the mutation in CesA1 (rsw1), screening for swelling mutants uncovered rsw2, an allele of korrigan that encodes a defective membrane-associated endo-β-d-glucanase ( Fig. 1G ; Lane et al., 2001) , and rsw3, which encodes a defective glucosidase involved in glycoprotein processing in the endoplasmic reticulum (ER)-Golgi secretory pathway (Burn et al., 2002) . Other screens for growth and developmental phenotypes also yielded wallrelated genes. An epidermal trichoblast swelling mutant, reb-1 (bulger1), was mutated in a gene encoding a UDP-d-Glc 4-epimerase involved in the synthesis of d-Gal ( Fig. 1D-F ; Seifert et al., 2002) . A root-tip swelling screen conditional on high glucose or sucrose in the medium identified cobra1, a mutant allele of a gene that encodes a glycosylphosphatidylinositol-anchored protein involved in cellulose patterning ( Fig. 1C ; Hauser et al., 1995; Schindelman et al., 2001) , pom-pom1, which encodes a defective chitinase-like protein suspected of interacting with the cellulose synthase ( Fig. 1A ; Sánchez-Rodriguez, 2012) , and pom-pom2, a mutant allele of a gene encoding a cellulose synthase-interacting (CSI1) protein involved in microtubule guidance ( Fig. 1B ; Gu et al., 2010; Bringmann et al., 2012) . Mutants exhibiting etiolated dwarf hypocotyls included procuste1, a mutation in CesA6 leading to a deficiency in primary wall cellulose (Fagard et al., 2000) , kobito-1, traced to a mutation in a gene encoding a plasma membrane protein of unknown function ( Fig. 1H ; Pagant et al., 2002) , and korrigan, encoding a defective endo-glucanase associated with the cellulose synthase complex (Nicol et al., 1998 , Mansoori et al., 2014 . Other dwarf mutants were a result of defects in other cell wall polymers or protein secretion, such as quasimodo1 (qua1), resulting in a defective galacturonosyl transferase involved in homogalacturonan synthesis (Bouton et al., 2002) , defective glycosylation (dgl1), a mutant with defective core glycosylation of N-linked proteins (Lerouxel et al., 2005) , and qua2, suggested to be a mutation resulting in a defective pectin methyl transferase (Mouille et al., 2007) .
Secondary walls are deposited during the differentiation of fibre and xylem cells, among others. Phenotype screens affecting properties of these cell types identified gene family members specific for secondary wall synthesis. All three genes encoding the secondary wall CesA isoforms (Taylor et al., 1999 (Taylor et al., , 2000 (Taylor et al., , 2003 , a korrigan allele (Szyjanowicz et al., 2004) , and a mutated cinnamoyl-CoA reductase gene (Jones et al., 2001) were found in a forward screen for irregular xylem (irx) phenotypes in xylem elements of the floral stem ( Fig. 1J-M) . Reverse genetics approaches provided candidate genes for additional irx mutants, including a cobra allele encoding a defective isoform involved in secondary wall cellulose synthesis, as well as other mutants associated with xylan synthesis and deposition (Brown et al., 2005 (Brown et al., , 2007 (Brown et al., , 2011 . Similarly, fragile fiber (fra) mutants are unable to remain upright (Fig. 1I) . Two of these, fra5 and fra6, were traced to defects in secondary wall CesA7 and CesA8 genes, respectively . The fra8 mutation was traced to a defect in xylan synthesis essential for vessel and fibre development (Zhong et al., 2005) . However, many of the fra mutants were defective in cytoskeletal elements, such as fra1, encoding a defective kinesin-like protein (Zhong et al., 2002) , fra2, encoding a defective katanin-like protein (Burk et al., 2001 , and fra4, resulting in a defect in actin organization (Hu et al., 2003) . The fra3 mutant encodes a defective inositol polyphosphate phosphatase involved in signalling (Zhong et al., 2004) . Potikha and Delmer (1995) took advantage of the crystallinity of cellulose to screen for a cellulose-deficient Arabidopsis trichome mutant lacking the characteristic birefringence ( Fig. 1N-S) . Curiously, the mutated gene was not a CesA but rather one involved in the esterification of pectins (Bischoff et al., 2010) . This particular mutant is a member of a large family of TRICHOME BIREFRINGENCE-LIKE (TBL) genes whose functions are only beginning to be defined, but one subgroup of which encodes enzymes involved in O-acetylation of polysaccharides (Gille et al., 2011; Yuan et al., 2013; Urbanowicz et al., 2014) .
High-throughput screening for 'invisible' phenotypes affecting cell wall composition and structure
One of the first relatively high-throughput screens for wall polysaccharide mutants was that of Reiter et al. (1997) , when Root tips of (D) wild type and (E) bulger (reb1) have a defective UDP-Glc C-4 epimerase required to make UDP-Gal. In (F), the wild-type phenotype is rescued in reb1 by growing seedlings on 5 mM Gal, which is taken up and converted to UDP-Gal via a salvage pathway. (Reprinted from Current Biology, 12, Seifert GJ, Barber C, Wells B, Dolan L, Roberts K. Galactose biosynthesis in Arabidopsis: genetic evidence for substrate channeling from UDP-d-galactose into cell wall polymers, 1840-1845, Copyright 2002, with permission from Elsevier). In (G), a temperature-sensitive rsw2 mutant exhibits a swollen phenotype and malformed root hairs at the restrictive temperature (Baskin et al., 1992) 11 murus mutants were defined by deficiencies in a single or multiple cell wall monosaccharides. This forward screen discarded severely malformed plants to avoid pleotropic effects and streamlined the separation of alditol acetate derivatives from cell wall hydrolysates to screen several thousands of ethyl methanesulphonate (EMS)-mutagenized plants for monosaccharide deficiencies. Traditional mapping following the mutant chemical phenotype, or 'chemotype', and a candidate-gene approach was used to determine that mur1 and mur4 encode defective forms of nucleotide-sugar interconversion enzymes (Bonin et al., 1997; Burget et al., 2003) . In each instance, the rescue to wild-type levels by feeding the deficient sugar pointed to the missing enzyme activity in the mutant: a 4,6-dehydratase involved in the conversion of GDP-Man to GDP-Fuc in mur1, and a UDP-Xyl C-4 epimerase involved in the interconversion of UDP-Xyl and UDP-Ara in mur4. Similarly, rescue of the Gal-deficient bulger (reb1) mutant (Seifert et al., 2002) by exogenous Gal indicated the high probability of a mutated UDP-Glc C-4 epimerase. Fuc, Ara, and Gal, as well as GlcA and GalA, are reintroduced to their respective nucleotide-sugar pools by action of C-1 kinases. Failure to rescue a deficiency in these specific sugars generally indicates that the mutation is downstream of de novo synthesis of nucleotide-sugars. However, one exception is the UDP-Ara mutase. Originally described as a 'reversibly glycosylated protein' (RGP) involved in xyloglucan biosynthesis in pea (Dhugga et al., 1997) , its enzymatic function as a mutase was determined directly by its ability to interconvert UDP-Arap and UDP-Araf (Konishi et al., 2007) . Mutations in the two dominant forms of RGP in Arabidopsis gave low cell wall Ara similar to mur4 (Rautengarten et al., 2011) . As exogenous Ara is incorporated into UDP-Arap, wild-type levels of Araf cannot be rescued.
Fourier-transform infrared (FTIR) microspectroscopy was shown to be a powerful high-throughput method of distinguishing different features of cellulosic, pectic, and hemicellulosic architecture of type I and type II primary cell walls ( Fig. 2 ; Séné et al., 1994) , and therefore to be able to screen for mutants with altered abundances of diagnostic wavenumbers (Chen et al., 1998) . The assignment of sets of wavenumbers to specific polysaccharides provided a basis for estimating relative polysaccharide abundance (Kačuráková et al., 1999 (Kačuráková et al., , 2000 , but it was the application of difference spectra and principal components analysis (PCA) in pairwise comparisons of spectra of populations of mutants and the wild type that revealed the specific cell wall alterations ( Fig. 3 ; Chen et al., 1998) . In PCA, correlations of multiple variates in IR spectra sampled from a population can be mathematically derived from the data set as 'loadings ' (Kemsley, 1998) . Loadings show spectral features as new variables distinguishing between the mutant and wild type (Carpita and McCann, 2002) . FTIR spectra derived from cell walls of the SALK collection of insertional wall-related mutants that displayed a significant difference from the wild type by PCA are archived at the Cell-Wall Genomics website (http://cellwall.genomics.purdue.edu/).
PCA is convenient when classifying a small number of genetic variants against a wild type, but has limitations when attempting to classify large numbers of different genotypes. As more mutant populations are added, the more difficult it becomes to classify them correctly using multivariate analysis. Mouille et al. (2003) applied PCA to a small subset of wavenumbers from the full spectrum to classify several dozen cell wall mutants of Arabidopsis. Cellulose and non-cellulosic mutants could be resolved generally into two subgroups, but addition of new populations altered the hierarchical classification within the subgroup of non-cellulosic mutants without regard to chemotype. A robust classification system requires linear discriminant analysis to validate the stability of the hierarchical clustering. As proof of concept, maize coleoptile Fourier-transformed infrared (FTIR) microspectroscopy is used as a rapid, non-invasive vibrational spectroscopic method that detects and gives relative quantitation of a range of functional groups, including carboxylic esters, phenolic esters, protein amides, and carboxylic acids, and provides a complex 'fingerprint' of carbohydrate constituents. (A) Comparison of baseline-corrected and area-normalized spectra of isolated cell walls from Arabidopsis leaves and etiolated maize coleoptiles. Inset: methanol-cleared Arabidopsis leaf and maize etiolated coleoptile. Cell walls are isolated and placed on a 48-well gold-plated (IR-reflective) slide, and spectra generated from individual 50 μm wall samples in 'transflectance' mode (McCann et al., 2007) . Each 'spectrum' is 128 co-added spectra Fourier-transformed from interferometry, and baseline corrected and area normalized. (B) A difference spectrum of the population-averaged spectra of maize coleoptile walls minus those of Arabidopsis leaf walls. Positive wavenumbers in the carbohydrate fingerpint region reflect relative enrichment of xylan in maize, and negative numbers reflect relative enrichment of both methyl esterified and unesterified pectin in Arabidopsis. spectra could be assigned correctly with embryonic, elongation, and senescence stages by linear discriminant analysis, but limits were reached in the refinement of intermediate stages as more populations were included (McCann et al., 2007) . When neural network analyses were applied to the collection, the prediction of coleoptile age simply from midinfrared spectra could be determined to almost one half-day of growth. While neural networks provide a powerful algorithm for hierarchical clustering of similar phenotypes, the specific reasons for the clustering cannot be inferred. We recommend using a neural network pre-treatment to provide small clusters for further analysis by PCA, where the loadings can then be used to diagnose the nature of the wall defect.
Near infrared (NIR) spectroscopy has also been used as a high-throughput screen for variants in lignocellulosic composition in dried intact maize leaves (Vermerris et al., 2007) . Because an NIR spectrum represents several overlapping harmonic overtones of methyl, aromatic, and carbohydrate bonds, it is difficult to interpret but can be used as a characteristic fingerprint. Application of PCA to normalized spectra identified a collection of 39 nir mutant 'spectrotypes' that were shown to be heritable .
Pyrolysis molecular beam mass spectrometry (PyMBMS) is another high-throughput screen to obtain a snapshot of the lignocellulosic structure of cell walls (Evans and Milne, 1987; Tuskan et al., 1999; Mann et al., 2009; Penning et al., 2014a) . Small samples of underivatized cell walls are pyrolysed at relatively high temperatures, and relative abundances of fragments characteristic of p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin, pentose, and hexose are detected and quantified. Depending on the conditions of fragmentation, quantitation of lignin (Penning et al., 2014a) or carbohydrates (Agblevor et al., 1994) can be optimized. PyMBMS has been applied mostly for screens of genetically diverse populations of bioenergy grasses and trees (Yin et al., 2010; Penning et al., 2014b) . PyMBMS was used in characterization of the IRX8 (GAUT12) xylan mutant to show a specific lowering of G-lignin (Hao et al., 2013) Chemical and enzymatic screens have also been employed to identify mutants and population variants and specific inhibitors of function. Examples include an inhibitor screen for Golgi-associated synthases (Zabotina et al., 2008) , cellulose synthase inhibition (Brabham and DeBolt, 2013) , and alteration of growth morphology induced by xyloglucanase (Gille et al., 2009) .
Analytical methods to characterize cell wall mutants
While some mutant phenotypes allowed reasonable inference of function, others were more cryptic and required powerful Fig. 3 . Application of principal components analysis to Fourier-transformed infrared spectra to define differences between populations. (A) Relative abundance of the first two principal components (PCs) for each individual co-added spectrum of a large population of Arabidopsis leaves and maize coleoptile cell walls. These two PCs account for ~85% of the total variation in each population. The maize population is relatively enriched in PC1. (B) An enrichment in the PC1 loading value indicates higher amounts of xylans by characteristic peaks of wave numbers in the fingerprint region (Kačuráková et al., 1999) , whereas the negative values of pectin-associated wavenumbers indicate higher amounts of pectin in lower values of PC1.
biochemical, microscopic, and spectroscopic methods to define function unequivocally. This toolkit can be applied in a systematic protocol to classify mutant type and to resolve direct chemical and structural defects from pleiotropic effects.
Cellulose structure and determination
Routine estimations of crystalline cellulose are made by its resistance to hydrolysis in hot acetic-nitric reagent (Updegraff, 1969) or hot trifluoroacetic acid (TFA), the former being more rigorous to assay crystalline cellulose. However, TFA hydrolysis is advantageous because monosaccharide analysis for soluble non-cellulosic sugars can be made after evaporation of the acid. Neither assay is able to differentiate between a mutant unable to make cellulose at all from those that have impaired ability to crystallize the product. To determine cellulose abundance in temperature-sensitive mutants against a large background of cellulose made during permissive temperatures or when only small amounts of material are available for assay, then radiolabelling cell wall materials from feeding plants [
14 C]O 2 or [ 14 C]d-glucose can be used (Daras et al., 2009) .
Exhaustive alkali extraction of non-cellulosic polysaccharides with 4 M NaOH leaves a residue of insoluble 'α-cellulose'. Amorphous cellulose is hydrolysed by both acetic-nitric and TFA digestion protocols, and measuring the weights of washed and freeze-dried α-cellulose before and after these treatments will give the percentages of soluble (amorphous) and insoluble (crystalline) domains, with the caveat that alkali extraction can swell the cellulose microfibrils to a certain degree, giving higher values for the amorphous fraction than the inherent native state.
In living cells, cellulose microfibrils are extremely long and the ends are rarely seen; the individual (1→4)-β-d-glucan chains are at most a few micrometres long, so they must stop and start at different locations within the microfibril. Determination of chain length requires disruption of the hydrogen bonding of the crystal by ionic liquids, followed by derivatization for determination by size-exclusion chromatography (Timpa, 1991) or light scattering (Yamamoto et al., 2011) . In general, the degree of polymerization (DP) for primary wall glucan chains range from 1000 to 5000, whereas those in the secondary wall are higher. DPs of cotton fibre cellulose glucan chains have been measured at 10 000-14 000 (Marx-Figini, 1982; Timpa, 1991) ; with woody species more broadly dispersed at 2000-12 000 (Yamamoto et al., 2011) , but it is uncertain whether harsh extraction conditions cause fragmentation.
Non-cellulosic polysaccharide deficiencies
Sequential solvent and alkali fractionation extracts major classes of polysaccharides from isolated cell walls. Defects specific to pectic polysaccharides will be apparent in cell wall fractions of chelator-soluble (hot ammonium oxalate, EGTA, and CDTA) and dilute alkali (sodium carbonate and 0.1 M NaOH). In grass species, increasing alkali concentrations of up to 1 M generally remove arabinoxylans with varying degrees of side group substitutions, whereas 2-3 M alkali extracts most cross-linking glycans, such as (fucogalacto) xyloglucan, gluco(galacto)mannan, and the mixed-linkage (1→3),(1→4)-β-d-glucans. These sequential fractionations can narrow a specific monosaccharide deficiency to a specific polymer. If the monosaccharide deficiency is in Rha, Ara, or Gal, the deficiency is more likely to be associated with a pectic polysaccharide or some structural proteins, and if it is in Xyl, Man, or Glc, the deficiency is likely to be in a cross-linking glycan. Acid hydrolysis of underivatized noncellulosic polysaccharides typically excludes uronic acids of pectins, but these can be obtained by high-performance anion exchange chromatography (HPAEC; Guignard et al., 2005) , by trimethyl silyl derivatives of methanolysis products separated by gas chromatography (GC; Willför et al., 2009) , and by carboxyl reduction of the uronic acids to their respective neutral sugars with sodium borodeuteride (NaBD 4 ; Carpita and McCann, 1996) , which creates 6,6-dideutero derivatives that are separated as alditol acetate derivatives by GC with electron impact mass spectrometry (GC-EIMS; Gibeaut and Carpita, 1991; Naran et al., 2008) . The small amounts of Fuc are substituents of three polymers, rhamnogalacturonan II (RG II), arabinogalactan-proteins (AGPs), and xyloglucan, so fractionation of pectins and xyloglucan is the primary indication of a specific deficiency (Madson et al., 2003) . In fact, the Fuc-deficient mur3 mutation was traced by fractionation to a defect in xyloglucan, where the genetic defect was an inactive xyloglucan-specific galactosyl transferase required for fucosylation (Madson et al., 2003) . There were no detectable differences in the mole% of Gal in the total cell wall samples, but only of that in the xyloglucan-containing fraction.
Complementing biochemical analysis with hydrolytic enzymes
The ability to trace defects to specific polysaccharides is augmented by hydrolytic enzymes that cleave specific glycosidic linkages and whose activities are also constrained by neighbouring sugars and linkages. In characterization of flax (Linum usitatissimum) seed mucilage, Naran et al. (2008) suggested that plants make a small number of backbone polysaccharides but great diversity is imparted in the degree and type of side group substitution.
, and xylanases [endo-(1→4)-β-d-xylanase] comprise a repertory of enzymes that can cleave backbone polymers into an oligomeric series that can be used to establish backbone identity (Bauer et al., 2006) . Mannases have been employed to document in vitro synthesis of (gluco)mannans (Liepman et al., 2005) , and mannan oligomers generated by this enzyme from locust bean gum galactomannan were subsequently analysed by electrospray ionization (ESI)-mass spectrometry (MS) and GC-MS to determine sites of acetylation and arabinosylation (Simões et al., 2011) . Further, digests of complex polysaccharides reveal diagnostic profiles of the structural units of backbone construction as altered by characteristic side group substitution. For example, mixed-linkage (1→3), (1→4)-β-d-glucan (β-glucan) is an unbranched homopolymer of glucose made in grass species (Carpita, 1996; Buckeridge et al., 2004) ; a Bacillus subtilis endo-(1→4)-β-d-glucanase generates diagnostic oligomers of β-glucan because its activity is restricted to (1→4)-β-d-glucosyl linkages only after (1→3)-β-d-linked glucosyl units (Anderson and Stone, 1975) . This enzyme shows that β-glucan is not a random mixture of (1→3)-β-d-and (1→4)-β-d-glucosyl linkages but is composed primarily of cellotriosyl and cellotetraosyl units in a 2.5:1 ratio and linked together by single (1→3)-β-d-linkages (Wood et al., 1994) .
Methylation analysis to determine linkage structure
Linkage analysis, also called methylation analysis, uses a strong non-aqueous anion reagent, such as n-butyllithium, to make Li + alkoxide ions of all free hydroxyl residues, which are subsequently permethylated (Gibeaut and Carpita, 1991) . The partly methylated polysaccharides are hydrolysed to individual monosaccharides, reduced with sodium borodeuteride to tag the C-1, and acetylated. These derivatives are then separated by gas-liquid chromatography (Fig. 4A) , and each eluting derivative subjected to EIMS. The anomeric hydroxyl and heterocyclic oxygens on C-4 or C-5 are always acetylated, and additional acetylated positions indicate the points of attachment of other sugars (Fig. 4B, C) . Two xyloglucanspecific xylosyl transferases (XXT1 and XXT2) generate the core xyloglucan structure, and for the xxt1/xxt2 double mutant, HPAEC of endo-β-d-glucanase digests of a double mutant xxt1/xxt2 showed the complete lack of the xyloglucan oligomer profile (Cavalier et al., 2008) . Linkage analysis Fig. 5 . Principal components analysis of the linkage structure of the wild type and the Fuc-null mur1, the Ara-deficient mur4, and the Rha-deficient mur8. PC1 and PC2 account for 69.3% and 15.0% of the variance, respectively. mur1 and mur4 are widely separately from mur8 by PC1, primarily by scores for deficiencies in Araf linkages and higher proportions of Rha and GalA linkages. The mur1 is separated from mur4 by PC2, which accounts for higher abundance of primarily confirmed a severe decrease in the abundance of 4,6-Glc (Cavalier et al., 2008) . In instances where the sugar deficiencies are small, loss of a specific linkage group can pinpoint the defect in mutants of unknown identity. A problem that arises when using linkage analysis alone is when a polysaccharide structural variant induces pleiotropic and compensatory alterations in other polysaccharides. This is illustrated when PCAs of the mole% distribution of all linkage groups was applied to seven of the mur mutants ( Fig. 5 ; Mertz et al., 2012) . For example, PCA of linkage analyses of the fucose null and low-fucose mur1, mur2, and mur3 revealed different features from those expected from the known enzymatic defects (Mertz et al., 2012) . Likewise, for the low-arabinose mutants mur4, mur5, and mur6, the loadings that separated the mutants show unpredictable deviations from wild type in linkage abundance that establish that the mutants are non-allelic. Curiously, the three low-arabinose mutants showed deficiencies in all Ara linkage groups. For mur5, the most abundant linkages, t-Araf and 5-Araf, were equally lowered, although the t-Arap was slightly elevated (Mertz et al., 2012) . PCA of the total linkage analysis distinguished features these mutants had in common from those that segregated them.
Characterization of xyloglucan mutants
For a great many dicotyledonous and non-commelinid angiosperms, primary wall xyloglucans have a cellotetraosyl unit structure in which three consecutive glucosyl residues contain (1→6)-α-d-xylosyl residues. A Trichoderma viride (syn T. reesei) endo-β-d-glucanase digests xyloglucans only at the reducing end of unsubstituted glucosyl residues, revealing a characteristic oligomeric profile (Bauer et al., 1973) . A xyloglucanase, an activity requiring a (1→6)-α-dXyl side group on the glucan chain, is also used to generate oligomers specifically from xyloglucan (Gille et al., 2009) . For some dicots, such as Arabidopsis, these are substituted further with (1→2)-β-d-Gal residues at the Xyl residue closest to the reducing end ('first' Xyl) or at the middle position (second Xyl). Gal residues at the first Xyl can be substituted further with Fuc (Table 1) . Thus, endo-β-d-glucanase yields six possible oligomer units, which by HPAEC gives a distinctive profile of relative abundance (Fig. 6) . Relative abundance can also be determined by ESI as adducts of Na
- (Vinueza et al., 2013) ; both singly galactosylated oligomers give m/z 1247 for the Na + adduct, and m/z 1259 for the Cl -adduct, but the two oligomers are differentiated by MS-MS of those fragments (Vinueza et al., 2013) . The low cell wall fucose mur2 phenotype was traced to a defect in a xyloglucan-specific fucosyl transferase by loss of the fucosylated xyloglucan oligomers in the HPAEC profile and by ESI (Vanzin et al., 2002) . However, the low-Fuc mur3 did not genetically map to fucosyl transferase, and HPAEC and ESI revealed the defect to be a xyloglucan-specific galactosyl transferase that normally adds Gal residues only to the Xyl residue nearest the reducing end (Madson et al., 2003) . In mur3, only two xyloglucan Fig. 6 . Separation of xyloglucan oligomers from Arabidopsis leaves from the wild type and mur3 mutants by high-performance anion-exchange chromatography (HPAEC). A special alkali-resistant HPLC apparatus supports high-pH anion exchange-HPLC, in which hydroxyl groups of sugars become negatively charged at high pH. The anionic oligosaccharides bind to the column and are then eluted in a gradient of increasing sodium acetate in NaOH and subsequently detected by pulsed amperometry. An endo-β-d-glucanase from the fungus Trichoderma viride (syn reesei) only hydrolyses unsubstituted (1→4)-β-d-glucosyl linkages, generating oligosaccharides with unbranched glucosyl residues at the reducing end. (A) In Arabidopsis wild type, the basic unit of structure of xyloglucan comprises four glucose residues, three of which are substituted with three xylosyl groups. The first two xyloses can be decorated further by galactose, and a fucose can be added to the first galactose to generate six characteristic oligomers (see Table 1 for nomenclature). (B) mur3 has a defective xyloglucan-specific galactosyl transferase for the xylosyl residue nearer the reducing end, and lack of the Gal residue at this position eliminates fucosylation as well, leaving only XXXG and XLXG. In leaves, galactosylation at the second position is greatly enhanced (Madson et al., 2003; Peña et al., 2004) . Xyloglucan nomenclature is given in Table 1. oligomers-a singly galactosylated oligomer at the middle Xyl and the unsubstituted parent xyloglucan heptasaccharide-are observed by HPAEC (Fig. 6) and ESI (Fig. 7) . Etiolated hypocotyls of mur3 had no growth defects but exhibited abnormal swelling after growth as a result of the Gal deficiency on xyloglucan. However, in leaves, loss of Gal residues at the first Xyl in mur3 resulted in enhanced galactosylation of the middle Xyl; neither mur2 nor mur3 gives a visible phenotype under their growth conditions, and the enhanced galactosylation at the middle Xyl probably accounted for the 'rescue' of the wild-type phenotype in these plants with such severely altered xyloglucans (Peña et al., 2004) .
Complementary to HPAEC and ESI-MS is matrixassisted laser desorption/ionization-time of flight (MALDI-TOF) MS, in which underivatized enzymatic digestion products of oligomeric series are protonated indirectly by laser activation of polyvinylidene fluoride, 2,5-dihydroxylbenzoic acid, or a similarly ionizable species ( Fig. 8 ; Lerouxel et al., 2002) . The inability to perform tandem MS with standard MALDI-TOF MS was outweighed by the higher molecular sizes that can be resolved in the time-of-flight instrument. However, MALDI-collision-induced dissociation (CID) MS/MS (or MALDI-TOF/TOF) allows for fragment characterization (Maslen et al., 2007; Bauer 2012) . In addition to characterizing alterations to xyloglucan oligomeric structures of the mur2 and mur3 mutants, this method also revealed acetylation of Gal residues of xyloglucans .
Characterization of glucurono(arabino)xylans (GAXs)
GAXs are the principal cross-linking glycans of grasses and other commelinid monocots, but are found with quite varied degrees of substitution in primary and secondary walls of all angiosperms (Carpita and Gibeaut, 1993) . Primary wall GAXs are highly substituted with side chains of single t-Araf residues, with smaller amounts of t-GlcA and 4-O-methyl GlcA (Me-GlcA) residues. Secondary wall xylans possess GlcA and Me-GlcA residues and are typically devoid of Araf residues. In many dicots, xylan synthesis is thought to begin with synthesis of a
tetrasaccharide at the reducing end, and xylan polymers elongate from the non-reducing ends to give a characteristic mass distribution of 100-150 kDa as determined by size-exclusion chromatography (Peña et al., 2007) . Several mutants have been characterized for which xylan synthesis and side group substitution are impaired. Two such mutants, irx8 and fra8, give a polydisperse distribution of polymers several fold larger than those of the wild type, whereas irx9 gives a much smaller size (Peña et al., 2007) . Peña et al. (2007) then used 1 H-nuclear magnetic resonance (NMR) to show from the presence or absence of α-l-Rha and the α-d-GalA anomeric carbons that the two mutants with larger polydisperse xylans, irx8 and fra8 (irx7), were devoid of the tetrasaccharide, whereas all of the short xylan chains of irx9 contained the tetrasaccharide. MALDI-TOF MS analysis also showed that the tetrasaccharide was absent in xylans from fra8/irx7, irx8 mutants, and parvus, but present in irx9 and irx14 (Brown et al., 2007) . These findings and others led York and O'Neill (2010) to propose a two-step model whereby the short xylan chains seen in irx9 are stitched together after cleavage of the tetrasaccharide, leaving a single tetrasaccharide at the reducing end of the elongated polymer. Subsequently, IRX8 (GAUT12) and PARVUS (GATL1) were found to encode family GT8 retaining glycosyl transferases (Brown et al., 2007; Lee et al., 2007; Peña et al., 2007) , and IRX7/FRA8 and IRX10/GUT1 were identified as family 47 inverting glycosyltransferases involved in synthesis of the tetrasaccharide initiating sequence and the backbone side group substitution, respectively (Zhong et al., 2005; Brown et al., 2009; Wu et al., 2009) . A combination of MALDI-TOF MS and 1 H-NMR spectroscopy showed that xylan polymerization could be catalysed by family GT43 IRX9 and/ Fry et al. (1993) to describe the oligosaccharide unit structures of xyloglucan after digestion with the T. reesei endo-β-glucanase
a Letters designate the terminal sugar of known side groups along the β-glucan backbone: G, unsubstituted glucosyl residue; X, xylosyl residue; L, Gal residue attached to the Xyl; F, Fuc residue attached to the subtending Gal; J, a rare l-Gal residue that replaces Fuc in the mur1 mutant.
or IRX14 inverting type β-xylosyl transferases (Lee et al., 2012; Ren et al., 2014) . Curiously, transcript profiling and heterologous expression of the family 47 retaining glycosyl transferase homologous to IRX10 indicate that these may, in fact, be xylosyl transferases involved in chain lengthening (Jensen et al., 2014; Urbanowicz et al.. 2014) . This observation needs to be reconciled with studies of heterologous expression and in vitro xylan synthase reactions show that both IRX9 and IRX14 are required for xylan synthesis (Lee et al., 2012) Whereas Xyl residues are attached at the O-6 of the glucosyl residues of the xyloglucan backbone, the GlcA side groups are attached at the O-2 of the xylan backbone, respectively, creating greater steric hindrance to hydrolysis of the xylan chain close to the branch point residues.
1 H-NMR was used to determine that a methyltransferase 4-O-methylates GlcA residues subtending the xylan backbone (Urbanowicz et al., 2012) . Acetylation of the xylosyl residues places an additional constraint on enzymatic hydrolysis. Nevertheless, a toolkit of several types of xylan-modifying enzymes has permitted hydrolysis of the xylan backbone in different ways depending on the side group substitution, each giving characteristic profiles. These digestion profiles reveal alterations in side group substitution patterns resulting from mutation. A system called 'PACE' employs fluorescence-labelled tags on the reducing ends of oligomers to impart an electrophoretic mobility in high-resolution gels (Goubet et al., 2002) . PACE after xylanase digestion showed that mutants of two additional family GT8 members, called gux1 and gux2, were particularly deficient in xylan oligosaccharides containing GlcA and Me-GlcA, and a double mutant was essentially devoid of all GlcA side groups (Mortimer et al., 2010) . Unlike irx9, xylan chain length was unaffected, but MALDI-TOF showed that the xylan oligomers were particularly enriched in the Me-GlcA side groups in irx9, gux1, and gux2, although total abundance was greatly lowered (Peña et al., 2007; Mortimer et al., 2010) . MALDI-TOF MS and liquid chromatography (LC)-TOF-MS also showed that at least some recombinant Fig. 7 . Determination of xyloglucan oligomer sequence by electrospray-ionization (ESI) mass spectrometry. In ESI-MS, oligomers generated by the Trichoderma endo-β-glucanase are trapped in microdroplets, adsorb Na + atoms, and are collected after evaporation in an ion trap. Samples of different mass/charge ratios can then be analysed by MS for relative abundance of diagnostic ions of interest. Masses diagnostic of additions of one and two galactose units and one fucose unit are detected in the oligomers from xyloglucan from wild-type Arabidopsis (A), whereas mur3 has only a single galactose addition (B). A collection of trapped ions can be fragmented further to gain information on the positions of individual sugars in the oligomer. Addition of galactose on either the first or second xylose of the fragment yields m/z 1247; MS/MS of a fragment with Gal at the first xylose yields a secondary fragment m/z 659, whereas Gal at the second xylose yields m/z 773. In the wild type, Gal is found at both positions (C), whereas in mur3, the Gal is only at the second xylose, as only m/z 773 is detected (D). See Table 1 for xyloglucan nomenclature.
GUX proteins possessed glucuronosyl transferase activity with xylohexameric substrates (Lee et al., 2012; Rennie et al., 2012) . Bromley et al. (2013) used a family GH30 glucuronoxylanase C that requires a GlcA or Me-GlcA side group for activity to test the periodicity of GlcA (Me-GlcA) substitution along the xylan backbone. PACE showed two distinct patterns in the gux mutants; gux1 showed that GUX2 generated a normal distribution of spacing, with a GlcA or Me-GlcA substituents mostly every 5-6 xylosyl residues (Fig. 9) . In contrast, analysis of gux2 showed that GUX1 has a strong preference to substitute for evenly spaced xylosyl residues, with a majority spaced at DP8 or longer. A growing repertory of xylanase enzymes with differing substituent specificities is already a valuable resource to characterize additional mutants. Li et al. (2013) showed elegantly that six xylanases could be assigned into three distinct classes by the oligomeric products generated as profiled in DASH, a capillary electrophoresis system similar to PACE but employing a multiplex DNA sequencer. The advantage of this system is the high throughput afforded by the 96-well plate format capability. Both HPAEC and PACE identified a t-Araf addition by a mutation in a family GT61 arabinosyl tranferase (Anders et al., 2012) ; the GT61 gene family encodes retaining glycosyl transferase activities for at least UDP-Araf and UDP-Xylp (Chiniquy et al., 2012) .
Elucidation of the GlcA(Me-GlcA) side group substitution patterns required de-acetylation of the xylans. However, acetylation represents a substantial amount of the side group substitution of GAX and glucuronoxylans. In vitro co-synthesis of acetylated xylan oligomers catalysed by an IRX10L and ESK1/TBL29 indicates that this subgroup substitution is early in the synthesis (Urbanowicz Fig. 8 . Matrix-assisted laser-desorption ionization mass spectrometry to analyse acetylation patterns on xyloglucan. In matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) MS, underivatized polymers are mixed with a material that ionizes them on exposure to brief pulses of a laser. The polymeric ions are differentially accelerated in the mass spectrometer, and molecular masses as great as 200 kDa are detected by the time interval between laser bombardment and contact with the mass spectrometer anode. For the xyloglucan oligomers, the degree of acetylation is determined by ions of diagnostic mass (the molecular ion M + plus m/z 43 per acetyl group). MALDI-TOF mass spectra of endo-β-glucanase-generated xyloglucan fragments from cell walls of the wild type (A), mur1 (B), and mur2 (C). Xyloglucan nomenclature is given in Table 1 et al., 2014) . Four Arabidopsis reduced wall acetylation genes are expressed during secondary wall formation (Lee et al., 2011) . A quadruple mutant was required to demonstrate significant lowering of acetylation of xylans as determined by 1 H-NMR of xylo-oligosaccharides produced by xylanase. Although these data suggest a redundancy of function, combinatorial double and triple mutants of these four genes suggest that, like GUX1 and GUX2, each might produce a different spacing of acetates along the backbone, and the level of acetylation by one enzyme might vary depending on the activities of the other three (Manabe et al., 2013; Yuan et al., 2013) . Partly acetylated (Me)-GlcA xylo-oligomers of DP3-6 and up to six acetate substitutions resulted from GH10 endoxylanase digestion, and these were quantified by MALDI-TOF; PCA showed different combinations of double mutants could vary from the wild type, and a triple mutant gave an unexpected increased acetylation of certain oligomers and decreased acetylated of others (Manabe et al., 2013) . Using two xylanases with differing activities in the gux1gux2 mutant [without (Me)-GlcA residues], BusseWiche et al. (2014) found by PACE and MALDI-CID MS/ MS that a majority of the acetylation was on alternate xylosyl residues, and they proposed that this spacing results in a 2-fold helical screw axis that facilitates interaction with cellulose microfibrils.
Structural characterization of pectin mutants
The complexity of side group substitution of monosaccharides, polysaccharides, and acetylation of uronic acid-rich polysaccharides and their methyl esters represents a major challenge for structural characterization Bauer, 2012) . Fragmentation patterns for partly methylesterified and acetylated oligomers of homogalacturonan up to DP10 were established using either ESI-MS (Körner et al., 1999) or post-source decay (PSD) fragmentation after MALDI-TOF MS (van Alebeek et al., 2000) following partial enzymatic digestion. These spectroscopies have contributed evidence that methyl esterification and O-3 acetylations are typically on adjacent GalA residues, and blocks of these esterification/acetylation pairs are interspersed along the polymers ( Fig. 10; Ralet et al., 2005, 2008, 2009 ). A combination of HPAEC and MALDI-TOF was employed on Aspergillus PGase-treated fruit pectins to infer the spacing of xylosyl and dixylosyl residues along xylogalacturonan and the linkage of the GalA O-3 position (Zandleven et al., 2006; Mort et al., 2008) . RG I represents an additional challenge as the →2)-α-l-Rha-(1→4)-α-d-GalA-(1→ disaccharide repeating unit backbone has domains that are sparsely branched interspersed with those that are heavily branched with arabinan and/or galactan side chains. After digestion with RGase, galactosylated oligomers of DP4 have been characterized by capillary electrophoresis followed by ESI-MS (Coenen et al., 2008) . Endo-arabinanase and galactanase yielded branched and unbranched oligomers that, upon separation by sizeexclusion chromatography and methylation analysis, were shown to be highly branched or 5-linked arabinan, and unbranched and branched 4-galactan with single Araf residues (Huisman et al., 2001) . Several analytical platforms have been assembled to fingerprint the side chains of the complex homogalacturonan RG II, providing a systematic strategy to characterize RG II mutants . The dimerization of RG II domains via borate esters constitutes an initial screen for mutants of side groups that affect the formation of these didiesters. Not only does the fucose-null mur1 alter xyloglucan structure but the absence of fucose from RG II also impairs side chain structures that function in dimerization, as detected by size-exclusion chromatography (O'Neill et al., 2001) , and compromises hypocotyl tensile strength (Ryden et al., 2003) .
Many of the classically described pectin mutants have been characterized by immunocytochemistry with monoclonal antibodies specific to homogalacturonan and its esters. Examples include the failure of pectins to degrade during development of the pollen mother wall in the quartet mutant (Rhee and Somerville, 1998), or qua1 (Bouton et al., 2002) , qua2 (Mouille et al., 2007) , which have been characterized by a lowering of GalA and its methyl transferase. In a tour de force of characterization, a combination of selective enzymatic hydrolysis, 1-and 2-dimensional 1 H-and 13 C-NMR, CID-MS/MS, linkage analysis, and application of a glycomics array of 200 monoclonal antibodies (Pattathil et al., 2010) were employed to characterize the chimeric APAP1 AGP with its associated linkages of xylans and RG I .
Conclusions
Identification of the precise function of cell wall-related genes by forward and reverse genetics approaches has been greatly accelerated by the parallel development of the analytical technologies for precise structure determination. Development of a repertory of hydrolytic enzymes with sequence specificity has yielded information about the regularity of spacing of side group decorations with mono-and oligosaccharides, and methyl and acetyl esters. Application of these analytical technologies to polysaccharides has shown that regularity of side group addition by glycosyl transferases is the rule, not the exception. Examples include the side chain substitutions of xyloglucans (Peña et al., 2008) , the blockwise additions of methyl and acetyl esters in pectins (Ralet et al., 2008) , and the two unique activities of the GlcA transferases that add residues along a xylan chain (Bromley et al., 2013) . Next-generation instruments will combine hydrolytic enzymes and the powerful analytical capabilities with high throughput to better serve as a forward screen of mutagenized populations to identify the transferase and other activities responsible for the full slate of polysaccharides made in plants. Use of emerging advanced spectroscopic and microscopic tools, such as neutron scattering (Petridis et al., 2014) and electron tomography (Ciesielski et al., 2013; Sarkar et al., 2014) . will identify mutants that impact cell wall architecture at the nano-and meso-scale.
